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ABSTRACT 



In this talk, I start with a brief introduction to Non-Relativistic QCD (NRQCD) and its 
applications to quarkonium physics. This theory has provided a consistent framework for the 
physics of quarkonia, in particular, the colour-octet Fock components predicted by NRQCD 
have important implications for the phenomenology of charmonium production in experiments. 
We discuss the applications of NRQCD to J ftp production at Tevatron and the tests of the 
theory in other experiments. Finally we discuss the production of the 1 Pi charmonium state, 
h c , at large-£>T at the Tevatron. The observation of h c is interesting, since its existence has 
yet to be experimentally confirmed. Moreover, this rate is a prediction of NRQCD, and the 
observation of the h c at the Tevatron can, therefore, be used as a test of NRQCD. 
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J/i/j production has traditionally been described in terms of the colour-singlet model |T|, [|, 
which, in spite of its reasonable success with its predictions at lower energies, fails completely 
in explaining the data on large-pr J/i> production at the Tevatron ||. This has led to a 
major revision of the theory of quarkonium formation. In the colour-singlet model, the relative 
velocity, v between the charm quarks is neglected. However, for charmonia v 2 ~ 0.3, and is 
not negligible. It is possible to include the effects coming from higher orders in a perturbation 
series in v in non-relativistic QCD (NRQCD) @, §. 

In this picture, the physical charmonium state can be expanded in terms of its Fock- 
components in a perturbation series in v, and the cc states appear in either colour-singlet or 
colour-octet configurations in this series. The colour-octet cc state makes a transition into a 
physical state by the emission of one or more soft gluons, dominantly via El or Ml transitions 
with higher multipoles being suppressed by powers of v. The cross-section for the production 
of a meson H then takes on the following factorised form: 

n={a,S,L,J} 

where F n 's are the short- distance coefficients and O n are local 4-fermion operators, of naive 
dimension d n , describing the long-distance physics. 

In fact, the importance of the colour-octet components was first noted || in the case of P- 
wave charmonium decays, and even in the production case the importance of these components 
was first seen J7| in the production of P-state charmonia at the Tevatron. The surprise was that 
even for the production of S'-states such as the J/ip or if)', where the colour singlet components 
give the leading contribution in v, the inclusion of sub-leading octet states was seen to be 
necessary for phenomenological reasons ||. While the inclusion of the colour-octet components 
seem to be necessiated by the Tevatron charmonium data, the normalisation of these data 
cannot be predicted because the the long-distance matrix elements are not calculable. The 
data allow a linear combination of octet matrix-elements to be fixed 0, lOj] , and much effort has 



made recently to understand the implications of these colour-octet channels for J/ip production 
in other experiments. We discuss some of these below. 



The prediction [[11], 12], [T3| for prompt J / ip production at LEP in the colour-singlet model 



is of the order of 3 x 10 , which is almost an order of magnitude below the experimental 



number for the branching fraction obtained from LEP [14]. Recently, the colour-octet 
contributions to J / tp production in this channel have been studied |TJ| [TBI and it is found 
that the inclusion of the colour-octet contributions in the fragmentation functions results 
in a predictions for the branching ratio which is 1.4 x 10~ 4 which is compatible with the 



measured values of the branching fraction from LEP [14 . 



The production of J / ip in low energy e + e~ machines can also provide a stringent test of the 
colour-octet mechanism In this case, the colour-octet contributions dominate near 
the upper endpoint of the J/ip energy spectrum, and the signature for the colour-octet 
process is a dramatic change in the angular distribution of the J/ip near the endpoint. 

One striking prediction of the colour-octet fragmentation process both for pp colliders and 
for J/ip production at the Z-peak, is that the J/ip coming from the process g — > J/ipX 
is produced in a transversely polarised state |18| . For the colour-octet cc production, this 



is predicted to be a 100% transverse polarisation, and heavy-quark spin symmetry will 
then ensure that non-perturbative effects which convert the cc to a J/ip will change this 
polarisation only very mildly. This spin- alignment can, therefore, be used as a test of 
colour-octet fragmentation. 



The colour-octet components are found [19| to dominate the production processes in 



fixed-target pp and irp experiments. Using the colour-octet matrix elements extracted 
from elastic photoproduction data it is possible to get a very good description of the 
v'i-dependence and also the xf and rapidity distributions. 

The associated production of a J / ^+7 is also a crucial test of the colour-octet components 
2(J and also of the fragmentation picture Similar tests can be concieved of with 



double J ftp production at the Tevatron [22 



6. J/ip and ip' production in pp collisions at centre-of-mass energies of 14 TeV at the LHC 
also provides a crucial test of colour-octet fragmentation p3 . 



The fragmentation process has also definite predictions for the large-pr inelastic J/ip 



photoproduction at HERA p4|. At HERA, the colour- singlet component dominates in- 
elastic J /ip production but at large- z (z > 0.7) the colour-octet components start growing 
rapidly. Such a rapid growth is clearly in conflict with experiment |25f| . The applicability 
of NRQCD factorisation at these large values of z has been questioned P^j , and more 
work needs to be done before the disagreement between theory and the HERA inelastic 
data can be interpreted failure of NRQCD. 

One important feature of the NRQCD Lagrangian is that it shows an approximate heavy- 
quark symmetry, which is valid to 0(v 2 ) ~ 0.3. The implication of this symmetry is that the 
nonperturbative parameters have a weak dependence on the magnetic quantum number. We 
show that the production cross-section of the X P\ charmonium state, h c , can be predicted in 
NRQCD, because of the heavy-quark symmetry. The Tevatron data on \ c production fixes 
PTJ| ] the colour-octet matrix element which specifies the transition of a 3 S\ octet state into a 
3 Pj state. We would expect from heavy-quark spin symmetry of the NRQCD Lagrangian that 
the matrix-element for 1 Sq — > h c should be of the same order as that for 3 Sf — > 3 Pi. The 
production of the l Pi charmonium state, h c , is, therefore, a crucial prediction of NRQCD. 



The production of the h c is interesting in its own right : charmonium spectroscopy p7 
predicts this state to exist at the centre-of-gravity of the Xc( 3 Pj) states. While the E760 col- 
laboration at the Fermilab has reported |28j the first observation of this resonance its existence 
needs further confirmation. In the following, we report on the calculations for h c production at 
the Tevatron presented in Ref. 



Being a P-state, the leading colour-singlet contribution is already at 0(v 2 ), and at the 
same order we have the octet production of the l P\ state through an intermediate 1 5o state. 
The octet channel is, therefore, expected to be very important for the production of this state. 
Once produced, the h c can be detected by its decay into a J/tp + n°. The subprocesses that we 
are interested in are the following: 

g + g ^ l Pl 1] +g, 
g + g - 1 5o M +», 

q + q -> ^ + 9- (2) 

The 1 S , q 8 ' — > h c is mediated by a gluon emission in a El transition. 

The cross-section da/dpr for h c production at the Tevatron energy (^/s = 1.8 TeV) pre- 
sented in Ref. pl| are shown in Fig. 1. For 20 pb _1 total luminosity, for p^ integrated between 



5 and 20 GeV we expect of the order of 650 events in the J/ip + ir channel. Of these, the con- 
tribution from the colour-singlet channel is a little more than 40, while the octet channel gives 



more than 600 events. The colour-octet dominance is more pronounced at large-p-r- Recent 
results on J/ip production from CDF are based on a total luminosity of 110 pb _1 . For this 
sample, more than 3000 events can be expected to come from the decay of the h c into a J/ip 
and a n. With this large event rate, the h c should certainly be observable if the pi coming 
from its decay can be reconstructed efficiently 

In conclusion, we find that a reasonably large rate for the production of the l P\ is ex- 
pected at the Tevatron, with a dominant contribution from the colour-octet production chan- 
nel. Heavy-quark symmetry relations allow us to infer the size of the non-perturbative matrix- 
elements and to predict the rate for h c production and its subsequent decay into a J/x/j and a 
7i. By looking at J/ip events associated with a soft pion, it should be possible to pin down the 
elusive l P\ resonance at the Tevatron, given the large number of J/ip events already available. 
We believe that this is a firm prediction of the NRQCD framework and may be a useful way of 
distinguishing this from other models of quarkonium formation. 
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Figure 1: da/dpx (in nb/GeV) for h c production (after folding in with Br(/i c — > J/ip + 7r)=0.5) 
at 1.8 TeV cm. energy with —0.6 < y < 0.6. 
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